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AI'.S',I,_ACI'

_: Complex :.',p,lCqcr_ll:t r_:quirtnfl a "dr_l_l-l'rl:_" c,_p,_btltty ar_, _fi.en troublod

fly distllrbilliCqfidim tul fiql l'.,!ll'_IVlt.yalld ch_It',qq, '[o COpt'_ _llth t.hqsq, lh;tillliltiOll

t.(_chntquqs, derived frolll mmh_rn ('mll:r_ll theory, hilv(_ been proposi:d, lht._ rt, port

pre.s¢mtst.ht!rosulis of il._t,tldyoi"|he fq,!_'ibiIity of apl.ilyillqtllil._(_t,oclmiqllt}S.

Throughout, sp¢,clalret'erm_ceis made t_ thq Solar Probe.,a spacecrat'tfor wIllch

these pr_blelllSare regarded itsunusually d|fficult. However, wide appllcation

of the technique to other ndssions is forest_en.

i
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I. INTRODUCTIONAND SUMMARY

1.1 Statementof th_ Probie!E

Within the past few years, interestha_ grown In _ close Ll_ght past the Sun-

the So]ar Probe. Amongstthe missionobjectives,a partlcu]arset is re_erredto

here as "radiometricscience". The.set consistsof all the scientifici_formation

that is poten.tiallyextractablefrom the Probe'sorbit by DSN tracklng. This in-

cludes the solar oblatenessand other gravitationalpotentialterms,measurement
,4

of some of the relativisticFPN parameters,and, possibly,the solar angularmgmentum. ]

Early in the missiondesign,it was recognizedthat uncertaintiesin the external ,i

forces,primarilysolar pressure,would affect the orbit far more than the parameters ,_

that are intendedto be measured. To circumventthis it was proposedto fly a drag !
' ,6

compensationsystem. This is based on an instrumentin which a small dense ball or ::i

"proofmass" floatsfree in a largersphericalcavity. Whenever the ball gets too

close to the wall, an appropriatelyp_l.acedthrusteris fired to keep the spacecraft

away. Since the ball is protectedfrom all externalforcesexcept gravity, it flies

a "drag-free"orbit;and the spaceGraftis never far behind. In 1973 this arrang_lent

was flown aboard the navy TRIAD satelliteand demonstrateddrag compensationat the

10"lO m/sec2 level (lO"ll g), in spite of air drag and solar pressureeffectsthat

were orders of magnitudelarger.

In Chapter3 below, it wlll be shown that variationsfrom a drag-freetrajectory

must be suppressed,or at least known, to within an overallerror of I0"8 m/sec2. This

requirementcould tighten,if better trackingis availablethan Is there assumed. In

Referencel, it is shOwn that even the I0"8 m/sec2 level isn't feasiblewithoutdrag

compensation. Early rough calculationsalong these lines,togetherwith the known

TRIAD performance,seemed to assure that the Solar Probe requirementscould easily be met.

Unfortunately,the Solar Probe is a rather hostileenvironmentfor a drag-free

instrument;and by mid-1978 it was widely perceivedthat t'heTRIAD design,as is, could

not be countedon to perform,even at the 10-8 m/sec2 level. One of the problemsis

self-gravity--thegravitationalattractionof the ball to every other part of the

1
%
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spacecraft. On a rlc.lid._pacocraFt,this effo.ctcould be balancedby a counterwo.lght

(as on TRIAD),or merely all_wedfro'in analyzingthe actual trajectory. On Sol,_r

Prob(_,,llowever,articulat_)danton,lasand in,._trum(,nt._,slo._hlngliquidpropellant,and

a thnrmallyun_table,l_ainstructure,,all complicatedthe picture.

The other lllaifl prnbl_m I_ char.qo,tlnpredlct(_blelevelso'Fhi.qh-_ner.qyradiati()n
t

can cause unsy1_llletricalchar.qetransferbetweenthe cavitywalls and the proof mass.

The resultingchargeon the ball causes it to be attractedto the nearestwall. TRIAD
i

did not suffergreatlyfrom char_lebuildup,probablybecauseits orbit was low enough !i!
to avoid most of the Van Allen radiation. However,some electPostaticallysupported

gyros and accelerometers,witllvery similargeometries,have observed chargeeffects,

both in orbit and in the laboratery. A recentestimate for Solar Probe (Reference2),

indicatesthat very severechargingcould occur in both the Jovian and solar environ-

ments. In Chapter2 below, it is shown that these levelsare incompatiblewith even

the relaxedperformancerequirementof lO"8 m/sec2.

In late 1978 it was proposedto solve both of these problemsby an application

of estimationtheory,togetherwith a set of new on-boardmeasurements. The proposal

became RTOP 790-40-15(-05),which was accepted,and fundedequallyfrom three NASA

Divisions(CodesRSS, ST-5, and SC-7). This Final Report is the culminationof the

resultingfeasibilitystudy.

The report is organizedas follows. In the next section,an overviewof estimation

theorywill be given, as appliedto the presentproblem. Followingthat, the subject

of in-flightcalibrationis introduced. This naturalcompanionof estimationwas not

studied,due to lack of funds; but severalideas along this llne were suggestedby

the study team membersand are presentedhere. The introductioncloseswith a summary b "i

of the resultsand conclusionsof the study, i

!

iChapters2-4 give a more detaileddiscussionin each of the three main areas of

study--the on-boardestiillator,the ground estimationprocess,and the self-gravity '_

,_ model In e_ch case they were writtenby the team memberwho did most of the work.i_

Becauseof the centralrole played by the dra9 compensationsystem in tileSolar Probe

- ......... 00000001-TSA09



I

spacecraftand miBsiondesigw,these thre_ diverse'viewsm_rit closeattentionby those

direcLlyconcernedwith the Sol_r Probe missian.

In retrospect,prior to this study,whethera drag compensationsystemwa_

regardedas a _ooI for navigation,for aeronomy,or for the study of gravitational

fields, it has widely been regarded.asImposingvery difficultconstraintson the

spacecraftand systemdesign, The Solar Probe, by imposingits owA.barelytolerable

constraints,has causeda rethinkingof thisposition. The authorsbelievethat the

additionof estimati.on.techniquesto drag compensationsystemsw_IT tend to cause

them to be vieweaas Just anotherspacecraftsystem.

O0000001-TSAIO



1,2 E_tlmatlml

Sinc_ tl_e main tnol.for improvt_.q dr_q-fre_ pnrformancn,dlscu_e,dIm.,r_I,_

e.sLim_t;ion,and _.ir_the es._nt..i,llide_s are not wldely known nut_Ide the control_

l:lo.ld,thls ,_ectionis do.VL,tedto an expositionof those Ide_5, It is, however,

confinedto thO_e aspoci'_of the field t.hatpresentlyappear to I_orelevantto

the dra.q-freeproblem.

To begin,supposesome physicalprocessis thoughtto be described,wlth

adequateaccuracy,by a set of first order ordinarydifferentialequations:

o

x : +w(t) (I)

Here, the vector x is referredto as the "state"of the system,the set of

functionsF are the known driversof the process,and w is a randomdisturbance

vector,for which some statisticalinformationmay be available. In controls .!

jargon,w is referredto as "processnoise", ,I
.I

Also, supposethat there existsa set z of measuremehtsof the process, 1

which can be modeledas:

z = H(x,t) + v(t) (2)

in which the functionsH are the known model of the measurements,and v is a

randommeasurementnoise vector,for which statisticalinformationmay exist.

,. Finally,supposewe were to build a model of the system. After deletingthe

unknowndisturbancew from (1), thai systemcould be integrated,yielding some

supposed,._tatehistoryx(t). Puttingthis into (2), and i_inorlnqthe unknown

noise v, a predictionof the measurementsH(x,t),could be computed. Of cour._e,

even if the initialstate x(O)were .quessedperfectly,the predictionH would in

generaldiverge from the actualmeasurementsz(t).

4

• o
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In an "o_tlm_tor",we put this dlvorgnncoto wnrk by fe_dingback the
A

me_mQnt dlscr_panc_. Lettin_x b_ the "_tlm_t_" of K, an o_timatnrba_d

on (I) and (2)l}a_thlB form_

i

where K Is a rectangularmatrix of time varyingfeedbackgalns. Looselyspeaking,

. If it is posslbleto flnd gains Kit). such that oxcept for w and v, tl(x,t)o_z,and

x ,Xo then the state x is sald to be "observable"by the measurementsz.

There are severalposslbilltlesfor K. If the Joint covarlanceof w and v Is

known, then Kit)may be derived_rom a theorydue to n. E. Kalman,which strivesto

minimize the integrated,weightedcovarianceof x - x. An estimatorbased on that

theory is often calle_ a "Kalmanfllter." In the case that F and H are not explicitly

tlme dependent,and that w and v are stationaryrandom processes,it often happens

that the Kalman derivedK(t)_Kooasymptotically,where K is a constantmatrix. If

K is used In (3), the estimatormay be slow to converge;but It'smuch easierto

build. For this reason,a constantK may be attempted,even if all this time

independenceand stationarltydoesn'thold.

In some cases,a more sophisticatedfeedbackIs requiredthan that allowed

iM (3). One form of thls occurs when there are uncertainor slowlychangingparameters

In the F or H function_. Suppose_ is a vectorof these parameters. It i_ common
m

practiceto append_ tO x, and extendthe state equations(I) by _ = O. The estimate

x is extendedin the same way by e, and the appropriateequationsare appendedto (3).

This scheme permitsa direct extensionof Kalmantheoryto estimate,_along wlth x,

but there Is no guaranteethat the augmentedstate will continueto be observable.

More radicaldeparturesare possibleIn which the _esidualsz H(x,t) appear

nonlinearlyin (3). For instance,settlingtimes can be improvedat the cost of

greater sensitivityto v and w by raisingK when large residualsare encountered

00000001-TSA12



A mnr_ _aphl,._tlcatod technique I,_ t;n reqard larqe r_sldthlls c]5 _ Gymptnmtt}at the

rnvarlnnc_ _f w ,_nd v hi_ hi;m_ l_nd_rt_,;tlm,_ted. 1£ thlr, additional fnndback t_',

ln,_tlh_ted, nnd K If_ c_mtlnlmu_]y ev_l].att_d frnm I¢tl]m,ln th_ery, 11 wIll rl'P tl]

r_r, pnn_n te tncr(_a_ed rp_tdual!_, Tlles_ t()_llnlq.n_ f_r lmprnv'lflq P,;tlm,ltnr' i_prfl)r0nanco,

and oLhor!;, are ll,_ually rt_forred to a_ "_ldl_pl:lvP" _lll'nr,_,

To .',on hnw ill l thl;_ ,ll)l'l le!, 1. t,h_. I)rP._md; prnl_ll_,l, rnn,_id{,r the qrolllld esi*,ll_lator

for radiometrt¢ science. A po_stble (ntmpltfied. nonrel(_ttv'l_,tt(:) gtructure far

thts would ',so state vartablO s

x = (4)

where "R"and V are heliocentric position and velocity of the proof mas._,and cxwould

includethe scientificparametersof interest,uncertainparametersof the DSN, and

suspectedsystem biases. The state equationscorrespondingto (I) could then take

the form:

t i=V

i -g(i ,t), + { (5)

}Lx=O

Hereg is the gravitationalaccelerationdue to the Sun and planets,"fis the

combinedself-gravityand'chargedisturbingaccelerationas determinedby the on-

board estimator,and W(t) comprisesthe _rrors in both? and g. An alternative

;, formulatlon,in which?(t) Is integratedon-boardIs discussedIn Chapter2 below_

and is being activelyconsidered, Whatevermodificationsto (5) are finallychosen,

a ground estimatorof the type (3) would get Its measurementsz from the DSN.

A structuresimilarto (5) for the ground estimatorIs analyzedin Chapter3

below. It is shown there that for reasonableassumptionson the DSN measurement

noise, the abilityto extractJ2 of the Sun ( a componentof _) approachesIts

tl_eoreticalpeak, providedthe standarddeviationon w(t) u ,.lO'_m/sec_.
• W "

6

,, .................. . ..... ..................... . . .., ............ ......... ,
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: HQwever, possibleimprovementsin the DSN, and th_ need to free mere _clentlflc
0 P

ii. p_rametor_than Just _, Indicatethat we _hould aim h-l_h_r,i o,_ < lO_ =n/_,e¢" ! W " t>:I

i_i'_• (]iZcourse, indlvldu_lcontrlbutlent;to the error In e_tlmatlnq_ on beardmust b_

hold _n.a ,_tilltighterlea_h,
!-

_', TurnSngnow to the on=board ostimat(_r,Its purpoB_ I_ lo providef in someR
form to tho groundoBtlmator, A number of conceptualdlfflcultle_make thi_ problem ]

l

harder than It at first appeared,sO that even now, It Is uncl_arwhat the ._tate

' variables should be, or how the state equations (1) should look. Someof these

difficultieswill be touchedon here o.-thelrre,_olutlonwlll have to await future

effort,

The first problemis coordinatesystems, Unlike the grouJtdproblem,there is

nothinghere even resemblinginertialcoordinates. Even the proof mass is acted

on by the unknuwnf',and it has no naturalattitudereference. Perhapsbest are

cavity coordinates,where the origin Is at the center of the cavity,and the axes

are fixed in the instrumentand alignedto the spacecraftattitudesensors. The most

criticalmeasurementis the positionrB of the proofmass Illthls System, It may

be assumedthat the rotationconnectingcavity coordinatesto the heliocentric

coordinatesof the ground estimatoris availablefrom the attitude(letermination

system.

The utilityof cavity coordinatesis best seen by expandingf within them:

° +%rB+ c(q' B'Vl)

Here, aSGO is the accelerationthat would be seen by the ball If it were centered ,_

in the cavity,G'O is the tensor gradlen%of aSG as seen at the center,and ac Is

the electrostaticacceleration,shown as a functionof the charge q on the ball,

rB, and the set of potentialsVi of the plates in the cavity. That the two self-

gravity terms used in (6) give sufficientaccuracy is demonstratedin Chapter4

7

.. . -

e, L ........:_.._---•_tI_,a:'_." ,,______'_;_ . £.:_,_-_._,_..:__:: ,. ---- J" m m....................................
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If ac did not exist, it would be relatively straightforward t_ evaluate f, A i
l

combinatIQn of pr_-fliglltmoa._uremeni:_,In-fli.qhtcalibrations, and various on.board

mass, mctlon, and temp_.ral:ure._ensorscould be used to determine aSG0 and _(I_and

the proof mass position _onsor of cnurse measures 'rB' In part, the acte_m is

difficult because its functional farm is not yet established. Proclressin this di-

rection is reviewed in Chapter 2. A good deal of further work will be needed to

complete this, and find reasonable approxlmati(ms to the exact solutions.

Far more important is the fact that while FB and the potentials Vi may be

directly measured, there appears to be no simple way to determine q, Methods for

discharging the proof mass are under development at Johns Hopkins University Applied

Physics Lab; but there has been no testing and n_ publication of their analysis. A

direct measurement of q by means of its effect on the cavity electric field has
_k

c- been suggested, but the precision needed for such a sensor at the largest q values

makes this doubtful.

The approach discussed in Chapter 2 is simple -+-in principle. A set of six

plates in the cavity are used as a position sen,.,orin the TRIAD design. If time

varying potentials Vi are applied to these plates, a motion of th_ proof mass will

._ result, depending in part on ac ' An analysis of this forced motion can presumably

yield q. Theoretically, the best way to go about this is an estimator, in which q
-, is one of the state variables, with the state equation q = 0 The structure of the_t

estimator would include the expressions (6), and would have to predict rB" The
q,

difficulty is that many other things contribute to r-B --attitude Inotions,centerr

of mass shifts due to a variety of causes, external forces on the spacecraft, and _i

thruster firinqs. A full treatment oF all this might require an estimator of 20

states or more.

While tht_.study is yet to be attempted, there is an excellent chance that all this

, +,.... i t t''
+"+''" " + ' " " " "+ ..... "+ • ..... ' + " ' _ .... +'L'+ "'+"'_++'++_.'+'"+"+::'"_+m''r"_'"t++:+'"_'X'+_'_e_'r";Jl_'+_:'_":"+_[

I j .............. ,_C _ I I I..I_2 "--i--_'..__ '¸" ' • .... _ ........
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compll_atl{_ni_,Llnn_co,._ary,Sln¢_ the mntlon in all thre_ ,0xo.._I_ _:[_rr(_,1,1tt;d,

a,_.th_:dlfforontpalr_ of plato.__ould be pxcito,(lwith diff(_r{;ntfroqljpnci{,s,

and as _h¢_,_efreqL_ml(:Im_cnuld be._:hosento av(_I(lntho.rkn{_wnm_.ion fr_quon(:ie_,

some of the driv_;r,_of rB mighi:l_ei{inOr(;d,How m,}nystat_ vari,lble,_(:mildl>e

del{)tedin thi._way° while retainin,qsuffici(_.nfa_('.ur,_cyin the deto,rminal,il_nof q

is not known, On the other hand, m,'chof the estimati_nta._kJust de._cribm_is

, needed anyway for the spacecraftattitudedetermimltionsystem, Thus, a mer.qin.q

of the spacecraftdrag-freeand attitudeestlm,ltorsmay be desirable. Much work

will be needed to clarifyall this.

00000001-TSB02



l,;l In-.F.li._J)LtCal.ih_:_Ltig_n

Nii:hlntlm milth_,matlv.almnd(,l,_u._t,din tlm Cm-lmardand qround t,!_timat.m'._,

Umrt: are a llIllliherill'fixed IMi'alqei,t_l".s;e,q,, i'.Ilt_,_-_l[-!Ir_Wlt.yIt,i'tii!_in aSG(l ,IiDd

G0 t.hatd{)n't.dL,imfld_iiilmVIil,qL)I'chnn_Iinqllhl._;_._,dnd [.,frilleI]Ilnllleri_and track-

illq Still:Jl)ll l_lt.al.Iiln pat'illll_l.t_r_i, lor lllilllY Ill' I:Ile.S(, pitl"_llllO.t(_l'5, it. is beliq:_,vnd

that the h_,:_ta In"im'l _;stimai,ns nf their value_ will be. inadequate and that snme

kind nf in-fll_lhta._sessmentis required, indeed,in tileground estimatorsilnu-

lationdiscussedin Lhapt(.r3 i.elow very modest Earth ephemeriserrors completely

prew:nted filter convergence,

Consider a parameter p appearing in either the ground or in-flight state

equations(I),or in tl,e llleasurelllentmodels (2). If there is reason to believe
l

thatp may chimqe in fli_.lht,then it may be added to the state equationsas p : O,

and the estimatormay be augmentedas discussedin the last section. If a model
I

for the variationoF p exists, thenwe might improvethis to p = model. On the

other hand, if we are merely uncertainof the value of p, and don't believeit

can change,we may opt for in-flightcalibration. In this case,we pick a time

when we are far from the Sun, and deliberatelyexcite some motion such that the

measuredquantitieswill depend upon p, which is then estimatedby the technique

just discussed. During the criticalparts of the mission, the augmentationis

deletedfrom the estimator,and p is fixed at the value determinedby calibration.

The obviousadvantageof in-fliqhtcalibrationof some parametersover

continuingestimationis the smallerset of estimationequationsduring the

criticalparts of:the mission. This is especiallyimportantfor the on-board

estimator;but ewm on the _,Iround,the possibilitiesfor reducingthe a priori

covarianceof tht,Earth ephemerisand stationlocationerrors before perihelion

f_assa_leare attractiw,, The exnected worsening of doppler trackin9 near the Sun,

due to coronal effect;;, adds Imp{_rtance to such a calibration.

The disadvantaq_, of callhrati_m Is equall.v obvious lot each calibrated

lO



parameter it is necessary to Justify the assumption of time tnvartance,- .To

alleviatethis som_.what,it is intendedto have severalcallbratio_periodson

both sides of perlh_llan. If a parameterchan,qds._Ignifican_:lybetweencall-

, bratim_s,a post-flightcorrectionmay be possible.

It had.beenintendedto investigate,the possibilitiesfor in-flight

Calibrationduring the presentstudy,but lack of funds forced Its deletion.

NevertheleSs,during the courseof the study,a number of suggesti,onshave been

made. For example,the main self-gravityterms,a-sG0 in (6),can be.evaluated

by flylng drag-f_eefor long pe_'indsfar frnm the.Sun, when llttl_,nr nn

compens_tlonwill be needed. The solar pressureeffectscartbe distinguished

from outgassingand propellantleaks by rotatingthe spacecraft,and both can

be distinguishedfrom proof mass disturbancesby ground tracking. The gradient

'_,' terms _0 can be excitedby articulatingparts of the spacecraft,or modifying

the drag compensationlaw,_x both, to producean r-B historythat co_ers the

cavity.

The suitabilityof the actual vectorfufictionac for chargeeffectsin

(6), and the parameterswithin it, can probablybe establishedin ground test;

however,a recalibrationduring flight is certainlydesirable. Duringquiet parts=_'=

_. of the mission,the chargeq on the ball is liableto be small, especiallyif• it has been recentlyuncaged. On the other hand, externalforceswill also be
7.
_ small, reducinginterferencedue to unmodeledvariationsin rB" As a further

aid in identification,excitationof any plate pair causes correlatedmotions in
C,

t_

" all three axes, a correlationwhich is Increasedif other plate pairs are excited
•

at differentfrequencies. Calibrationsensitivitycan be furtherincreasedby _

operatin!1with the ball quite close to the wall -sensitivit,vincreaseslogarithmi-

cally with decreasinggop width.

Since t.h_main on-hoarde._tlmatorhas not yet been worked _ut, it is

unclear,at thiswriting,whether Lhe parametersin the spacecraftmass model

II
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(mastl, c.m.. ln,rl.la l.e,._m') will l_e indlvld.all,y t_l_t_m'vablL,. Cm'tainl,y, rely

•lllllltlv[:alltt)l'l:o('t5dill_ |0 _lrt,_rll1,ltt)dllli,lllt_(,l'._t:al|be '-;_,t.nl_.vmt,rL,ly imwi,!l

tilt)so111olll[_PA's.5Jllcellh1.11y_la|'_llll{)t,o,|'sal'l_ illwllw,d, lllllchWllrk will I.,minded t_)

_:i,_rif.vthl._.

lht,l_lqqe,,l,m_uerl,_i,l.ies'in ,-:cl1,_r.,,e._l,lmatiml l_rm:tmsl_ri._hahlyI I_,i,

t,ht,,_olarprt,sstlreal|dl_r_-q_tll:_ioll,lod_,l_.l'o_.let.._olarl_r_:s_urep_iPalllP.tet's,w(_,

will m,_.,dcalibration l_eriod._-;relal,iw:ly rlo,;e_'otim Sun, in which tho.shield is

poi,t.edat.the Sun, aml also disl._lacedl'r_m_it in l_othdire(:i,ion:;,for lom l (-_.liouHh

t:o make the various el:ft,¢'t:s observable. The possibility l:hat changes in ti_e shield's

surlace properties. ,oar perihelion, may render calibration inadequate, must be

seriously considered. As Fro' l)rOpu1sio, paran|et.ers, the io|'ce and torque hi stories,

durim.1 a Firim.1 oi any thruster, can probably be deduced on-board by analysis of the

r B data i, an aPt_rolmi.,ately ext.e,ded mail_ esttmat.or. Times _'eIllOte f)'o111the Sun are

probably best for this. However, to believe in this kind of a calibration, it

will have to be shown that w_riations due to propellant tem._mature and catalytic

bed history can be i(.Inored,or at least adequately modeled.

Finally, there ar_,some uncertain parameters in the .qroundfilter. These

include the ephemeris co,stants of the Earth's orbit, the .qrotlndstation antem_a

locations, clock errors, dopt4er extractor biases, and the parameters of the

coro.al propaqation model. For all but, the las_, some long drawl-free periods,

when lit.tlecompensation is needed, could yield si_jnif'icantimprovements. As
,!
.!

for coronal problems, it,is expected that a solar occultation will occur in tile

I_; early pm'tim_ of"the t.ra,lect:ory.If so, it will permit a test of tilepropa_,latio,

mmlel, a,d a calibratio, of its parameters, under co,difions similar to t.ho,_eat

ellCOIlll_'(_l'.

As this discussim_ has straw., a gre,_t deal _t" w_rk will be need_,d to

deSi!lllpraut,ical calibratim_ ,_equem'es,i,w:st,iqa'telhe observal_lIJt.vof'the

parameter.,,to I_,calibrated. _imulate the prm-ess, ami apply the re.,_ultsin

11'
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i:ut.urosystomd_,si,qnit_m_itit_ns.The ri)_ultswill b_.crlti¢_lI, dtq:ormlninqthe

_ccurilcywith which wt_must m_asm'et.lm¢,11ibrat_dp,lralm_t{_.r._be,fm'o dep_irturo,

_md in workl,.(1mlt mission so.qu(mcin_.land _Ipm'_Itlmls,Tlmy alss_provide,ecPssary

Inpui.._{,othe st:i_,nce,simul_tiolli'{IrdetermiIllnq the flyer,t11imrf(Irm(mcoin

,ichievlnqthe r_di(_metricscienc_t}hjectives.



Tlit, a:i_mllptions and rt_sult:_ of i hn _itudy m'e c_)mltl_tx, and aro dE,alt with In

detail In the followtn!l cllapl_r:;. Ilert _,i'; a dtr.i.lllatinn ln (live' ,In twerall I'_,4,1.

IIl_.lfor l,ho,prltbleIll,

t_halrl,_,r? deals mainly wll:hlira.n-brt,n,d_,_.,Iimal,nr. A l,onlaLivot;Iructuro

--, was proposed and a ('ovarlanco study wa._dono, as with the qround e.,;t"lnlat.or.

The,Illtltll COIICILI,_iOIIS iIr(tI

I "Fileestimator,limitedby modeling1errors below and complexityabove,

will probablybe in the range of I0 to 20 states.

_ O The structurecan be arranqed to integratethe deviationbetweenthe actual

and a truly dra,q-freetrajectory. For white Gaussianmodelingerrorsof

lO"lO m/see'_in each axis, the covariancewas integratedon a pat'abolic
l

d, orbit, insideof 0.25 A.U. Tileresultswere errors in the deviationof

_' 3-I0 m at perihelion,and I00-300m at the outboundend.

_, The charge problemis also addressedin Chapter2. This includescharge-

dischargemechanics,an electrostaticforce model,and the design of a charge

identiflcationsystem.

The main findingsare:

e Of al] chargingeffects,tileworst appearsto be secondariesfrom external

high-energyelectrons. The worst time for this is likely to be Jupiter

encounter,if no flare is active near the Sun. Neat"Jupiter,a ball

charge of'riO"9 coulombis possible,leadingto a potentialof_,20 kV.

_" Spark dischargeswould probablypreventhigher potentialsin any case. ,
P

o Withoutcharcle identification,holdin!lthe accelerationdue to this below

I0"9 m/see2 requires that the char_jeshouldnot exceedabout 2 x I0"12

coul_mlb.Thus, either dischar_leto this level (about4(1V), or charge

identificationis requir_,d.

I,I
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I-_kQ.proven discharget_,chniqueappear_ to exlst_ hut identificationby

electrostaticforcingand e_tlmationlooks feasible.

Chapter3 looks at tilegrmmd esti_tm,, A _implii'lodKalman filterwas

constructedand a covarianceanalysl._was perfnrmedr_latln_the trackingand

drag-freeestimationerrors to the l('volof _wcompli_hme_rL_f the radi(_motric

scienceobjectives. While, for simplicity,only tileextractionof tilesolar J2

was considered,many variationsIn tileorbit, and the type and qualityof track-

ing and drag-freedata were studied, flereare some of the conclusions:

e The accuracywith which J2 can be determined,oj2, dependsstronglyon

the orbit chosen. Quite apart from tileobviousimprovementfrom a closer

perihelion,the orbit plannedfor Solar Probe at the time of this study

was not the best for this purpose.
i

II At presentlevels of accuracy,range and angle informationdo little

to augmentthe basic dopplertrackingdata; i.e., the filter runs nearly

as well withoutthem.

if.thedopplernoise is taken as o{,= 0.5 mm/sec, then a drag-freees-

timationrandom error goal of lO"B m/see2 (lo'gg)should be adopted. Drag-

. ,j

free errors smallerthan this will not significantlyreducet,j2 However
a tightergoal should be set if a smallero. carlbe assured.

r

Finally,Chapter4 is concernedwith the self-gravitymodel, particularly

tl_eeffect of moving masses. For charge estimation,the center of mass is also

a concern. Here are some results:

$ Except for parts extremelyclose to the drag-freesensor,the effect of
ll,

.:: moving masses on the center of mass is more importantthatlthe change in
I, " b

self-gravlty,

II Self-gravityvariationsdue to high-gait_atltemlamotiollmay be Ile(,llectable.
i

The effect on the center mass is not.

_i If the imaginginstrumentsare articulatedas a whole, the self-qravity

variationis significant.

15
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ii Loc,ltlonof prppellanttp I_'_cm is n_c_,s._aryFor c_.ntorof m_is._

knowl_:dgp,and It,_ma_s mu._thp known to bptL_.rtI1anl kq for self-

gravity. A specialt,atlkwill be neo.dodfor'thi_, _

t Thermal-structur_l._taI_ilityof l cm or hett_.ris ad(,quatet_ l_o.gloct

self-gravityvi_riation,sfrom this source. _ILJchheftor stahillt,vis

needed if center of ma._swlri_Itlonsare to he nefllectod,indicating

that structuralmonitoring,by ._traln.q_lu_,IOs,or temperaturesensors,

or both, will be needed,

It must be pointedout that most of these conclusionswere derived from

an overalldrag-freeestimationaccuracyrequirementof lO"8 m/see2, which came,

in turn, from a doppleraccuracyspecificationof 0.5 mm/sec. More accurate

trackingsystems,now being proposed,would tightenthe drag-freeaccuracy,and

the above conclusions.

It shouldalso be pointedout that the work, on which most of this is

based, simulateda filter in which the solar J2 was the only quantityextracted.

The actual Miter will attemptto find severalother parameters;e,g,, relativity

parametersand the solar angularmomentum. The final variancefor some of these

parametersmay prove to be more criticallydependenton the drag-freedata than

is J,,. That is, estimationaccLiracysubstantiallybetter than lO"8 m/see2 mayc..

be desired,even if the dopplerdata is not improved.

16
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2. ON-I_OARDI,',STIMATION

Tim on-board _._ntimator far th_. Solar Prnb,, hall twolvod from the, fo].l.winR

cons_d_raCloas:

1}---_sat it, formation can the _,round _stimat_.n procorm b_nt u_o?

2) _at telemetry bandwidth la avaJ, labla for re_urai, n_ thl_
information to Earth?

3) What _s_imator structure _ feasible to implement in r_sal time
aboard a flight computer?

4) What information-is avaJ.lablc (oithe_ a priori or m_asur_d)
to the on-bo,_rd esti.mn_or?

Some of tlle results o_ t_is study have led to the following conc.tu_ions;

1) In order for the ground estimator to eliminate the effects of

aelf-gravlty and proof mass non-gravltatlonal forces from the spacecraft

trajectory, these forces, o_ the effect of these forces, must be obtained,

along with their associated statlstlcal covarlance.

2) Due to the low bandwidth telemetry requirement of the Solar Probe,

it is required tha_ an averaged or integrated effect of the proof mass

disturbances be radioed to Earth, rather than the raw sensor data.

3) Effort has been made to implement an estimator using linear system

theory. This results in simple system models, and allows the wide body

of knowledge pertaining to llne_r estimator theory to be applied. Since

all computation must be performed in real time, the order of the estimator

must be no larger than i0 to 20,

4) The on-board sensor information available to the estimator is

the drag-free sensor, and any additional sensor information on the spacecraft

mass distribution, charge, magnetic properties, etc.

2.1 Structure of the Estimator

A simple model for the proof mass disturbance evolves in the followlng

digression. Consider an inertial frame of reference. (See Fig. I) In this

17
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Flfiuvc 1. Spacecraft orbit variation.
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r¢_[or¢_nco fraillt_, it" l_l tlatt.mod thllI:_ model nf t|lo proof mana for¢ot_ lilt_

I_l_Oil lli'oviih'll, Thl, nlodol, will. a_ilUlllO tilt, l'ollowlilll P_lriu wllOli tlii._ dril/4-

f rt,o i, illlt ,'ill ityflloni i it wllrkliip, propi,rl y I

't .+ 1"1
iii

i+m

+hol'_, ill [it i.ho llltlliti of fho ili'ool illilllil, i lit iho I+rotll: IIl+llitl pot, Ilion i'olill+lvt,
piii

tit till lilt,rl'lii] l'l'illlltl, ii It, tho t,XtOl'lliil i_avltal'tolllll +lCl,l.,'l+,r+ll io11, +lnd

1,'I>' u ill|till'it I .ltl I'ho 'llit'ornal t:orci, llppl, lod Oil tilt' Ill"oof Ill_itll,I I_l,Y por[tolltl Of .i

tho tlpat;ccrafL, hi ordt, r to fly a drag-rrot_ orb|t to I1 li,vol, rtv.lUll:t'd by

SII,I_I 1" MI _l_4ton,t:llt, ' I I'robt, (l llltlfl[ |10 kllOWil or t,14ttlllatod to hl, gh proc.|141oit.

^ more detailed examination of. fi now _O].IOWS. fi iS compom_d of

self-gravitational forC_s, electrostatic _orces, magnetic forcca, pickoff

forces, brownlan motion, etc., listed roughly in decreasing order or

importance. With the use of a (perhaps 20th tO lOOth order) model of all

the forces on the proof mass, and an inertial measurement of spacecraft

position, it becomes possible to "fit" best coefficients to the modeled

function form, e.g. to determine various gravitational harmonic coefflcionts

of the Sml, and to distinguish these effects from s_If-gravitation forces

and other internal forces. It is not _eallstle to assume that such a hi4_hJ

order estimation scheme cau be im_plumented in r_al time usin_ the on-board

_}guu}_uter.At best, only 10 to 20 real time It_togratlons should be assuu_ed

availablt,.

However, this low bdudwtdth tnformotton is not actually required fi'om the

on-board estlmatol'. Its purpose sJiould be to provide the high bandwidth

]9
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tnform_i_lon (which may have _i mm-rora avo.rng,M affect) _ th_ Rraund

_mtl_latar, el thor diroct-l.y, hr. mnr_ do_l|rilblyt III _lOmO llll-ol_,l'at:l_d ll_l'fil,

Tll.la-_lal.[_r tWlI*'T,IOwLJI I_ oxnmlnod In gr_ml:ordotnil,

2." '.... _O1 f_l_l'ilV| t Y

l,n ardor to 111ak_thn =-qm¢_el;af_ a dral,,=froo tml'ol,Ilto, ,,ullo offorl,

L, dLwo_ed to ot;p,at_Ji,,lIW, tho 1atom dlnt*.rlbutim_ of t:ht, mltOl11Lt_ In a

_lflmrl¢:a,lly Elyllllllel:t':[i; t;olll',L_Ul'at_Oll, llowovt_l'_ duo t,o [nlt'lM.

c_ll l.bt'zll"lotl orl'or_ fuel dqple_lOll, lllOV]It_l _IIII4HOH_ thorm_ll o.ffocL_

ete,_ the net Force ao,l i_ gradicntt _,t the conto.r of the proof mm._

housing is no£ zero, o11.t thus, dra_,-free errors are produced, The effects

o[ _hcso terms can be estimated using the following approach.

Consider the quant'tty _i' the ttlteVnal spacecraft acceleration on the

proof mass° It will be asmm_ed that this ,acceleration can be represented

In terms of the proof mass position in the cavity y and a vector of

parameters a. ¢_may be compvsed of such thinga as boom extensLons, hhlgc

angles, proof mass charge, etc. So,

fl = [I (y' a) (8).

+ _n(t )The perturbation effect of ft on the nominal trajectory can be obtained

by noting

X = a(x) + ft(Y, ,_) (9)

a(x )
Xil tl

Letting AX _ x - x , thenll

Ax = a-,_a(x ) ' Ax + (Y, t_) (101a n I

2O
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' m.col_ratton _111t.I¢8n be' _l_,t,ttrgl_:o!y prac_tlcul.atod, 'rht_ mwnnd tarlll roprtmonta

_: Lht., 4,1f,,,,t of th, perturb.trig llll:prtllil fpl'Pott, 'rim Ht_¢.tll'ld tot'S ctln I_¢_

, furtlmr ,,ap¢lrld_,d by llm,nrl;;ntlt,ll t_t' fl cdmut tho pof.tlt (I_,L_}.

or ut;:Ingartalq_roprlate1_.tctilo_t_ll,mlu;tltutionl.r _l_tti_IIeIIy

A de, tailed c,xplanati_m of each term of (12) fo.l.lowg:

• A_ is the rooter dil)ferencebetween the actual flown path, and the

"perfect" drag-frt,e path. This is the quantity go be determi_tedin real

time aboard the spacecraft, and is of prime importance for correcting the

actual trajectory flo_ to the estimated drag-free path.

• (;xis a tensor (mainly the solar'gravity gt'adlenttensor) which

includes the effects of the difference of gravity _long the nominal traJectrry

from that along the actual drag-free trajectory, Gx can be computed and
stored in advance.

. fi(_,_) is the total acceleration due to self-gravity, electrostatic

forces, etc. at the ee_Iterof the cavity. It looks like a blas, so there is

no possibility for updating this valu_ from its a priori computed value

using a measurement y or a. The o_ly possibility for obtaining i

is through a measurement of A_. Furthermore, even with this measurement,

i(_,a) can only be distinguished if it looks different from, say, the

solar gravity. By changing orientation of the spacecraft relative to the

solar Eravlty vector, this dlscrlmlnation .ispossible but onl_ i__inertlal
t

position information is available. This procedure may be used during a

calibration phase of the mission.

Zl
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Blncc, tho. t_ffoctt_ dtlt_ to ttl([_,t_) aro "Hlow," it would i_,,_m nl_proprlnto

to allow timm _. offect_] to be [ne.ludod in t11¢_ ground t_timat:lon. Thl_l amounttl

to rodofining a nora:thai traJoctory which includes tim of f otto of fi({_,,,} lind

to lot ^_ now ropra_,mt the departure away from thin now nom:lnal tr_rJeetory

due to proof mam_ motion, y, and chanl,,ta8 spacecraft paramoteCs, t_.

Now, the equations of motion reduce to

i'i_ • _ is the self-gravity gradient at the center of the cavity. Note
Y :t:

that spatial variation in Gy, a_ well as variations in _ due to Changes in

are both modeled here as higher order termS. G can be computed inY
advance.

• y iS the position of the proof mass re_atlve to the cavity C_nter. A

measurement of _ is available.

+
• _ is a vector of spacecraft parameters. If they are

measured, they can be used as inputs to (13). If they are not measured, they

can be assumed to be random disturbances acting on the proof mass.

At this point, it is worth pointing out that any a priori known inputs i

(such as antenna pointing angle) and their effects on the trajectory may be

computed in advance and thus included in determining the nominal trajectory.

Only effects which are not known a priori, such as fuel slosh, proof mass

charge, thermal distortions, etc., need to be included in (13).

Equation (13) is easily put into state variable format
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I¢II"dI-_tOl'llilll_llI_I ¢1i l.llI_.$,;II'I_IIi_'¢'¢II"I11_'tlIIIIL_V¢:{:fL_II',II t_ht_uldhL, 11_,I_,J

I.II_II WII,IIL_III 11pd_llL,_l iii IIIL_ tsl._ll:L_..I'I'L_III I IIL_ _11'L_I111¢I,I11_' wlrimlL,._, ¢_I l llt,

lll_ll.t' wlI. I. L'L_111111L11:IL_ };I'L_W,

._.'I !!IL_Irl,_i'Id_,lllllIL';HIL_n

Al't_,r ¢ll_1_,L_:1"_11t_It' I I'-_',I'_LVI I_ I_I"_,I 111_I,'_It"It,¢'l ro_11_Ii .It' t'11_11'_,,t'11_I_

_u}'11.y_;t,d. l{o{_,1"_,x1_.t,2 I Ir.,._t ,_11_w_,dhow h_Id lhl_ _'_uld l_t, lt_1' S_I_ir I'I"t_I_,.

t11_, ,_I_11" l'1'_}b_, dr_l}}-l_l'_,.,_ ii1_1,_i,,i1"t'_i|I..1.I_}: fi"o111 p_,11_,11"_iI:li_11_I" _'11_,I"_LIi "

_'h_ll'}}_d l_11't[¢.l_i. 'l'h_} two i_t'I'I_11_ _I the, 111.|_|,i_t} _t 111_} _'_11_'_,I"11_11"_,

_'_11d_il'}' o111.Ln_{o11p1"_'_,,_p_,,_) the' _p_I_'_'_1"_III. A _'_111pl_,t_, _ItI_i.l_.,,_:[,_L_I" the,

_I_ _l'I'_t_'_" pr_p_,rt'l_,_ _l I'h_, _p_1_'_,_'t'_1[t. AI_II._,_H_ _I' cI}_11"},,I_i_,,lu.I_:r11_11;l_

_I}_I_l'_'q_lir_,,,__l_,t_I[l._,dI(11_,wIL,d}_,l,_l"t11_,,,_i_I_,_,r_1It _'_nIIl_:tlt'_itl_11.

' d_"t x'1"111111|111,,_'11_Ir},,111},,_,lt'x,x't _x dut'111}_, t hx, l_,1"l.lx_v_ , i_11_i,_,.('i) N_ _iI l_xl _1_'t_1",_"

t11_l_t'r bi_Itlld. _43 N_ d_,t_1,|it,d _'Ollll},,u1'_It l_ut d_,I_I},,11_,xl_I_ lot tl1_',q_I_11" l'1"_b_',

bllt t'ilt,|111_i(¢,_,' L'_III |_I' I11:IdL'_ll till' I_i,,_l_¢ _! _t11_,i" i_I_I_'_,_'1'_iII d_,_I}}11,,_. "I
i

l{_,l'_,1'_,u_'_,:ld_','_'1".ll_t','__'_11_'ul_III_11,'__u 1111_,I"11_I_,11_iri,,111},, I_I" flu'_:_III_,_ '.i
.!i
ii
,.,

'l'h_' bt'_kt,11 _'111"v_,1"¢,l_1"_,.,_t,11t,,_|_I _,111|_I |.,_ _11 111_' |11t_'I'11_I| _1|11mllltlln ,'_I 1"uc1111"_,_111d !II
!
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nhouid be r_q_reuont_tlvo of :internal elmrgtn R It:vein Dl the ue[pJlborhood

of dupiter. NO fle_ond;iry _:.toetron em]HHl.Oll from the a,],t1111Iuumntru¢%uro

wa_ [n('ludod. If tllodrag-frof 11uI_ ]_ t,rt_,_iI:edaH a11 t_ulal.od

_plle.r:i.l,al capac'ttor, 20 keV :Imp.Liena l'ree cI1argO of -It]"9 coulomb, on :it

.[uc_Luslono.f secondary emlsH.Lon would probably '.LowertI1:IHby a

factor oi; i0 to i00.

. _. The r_sponse time of the ball will depend on both the envlronme_tal
3

?a fluctuations and the natural leakage from tht_ ball. Since most

envlronmet_tal changes are i_robaI_lyslow compared to the tlnle constant of

the ball, the charging process Mtould follow the environment for [nt:reastng

-:_ charglng levels, llowever, _f the ball is well isolated (e.g., very low

:_ residual gas surrounding it) the _tec_ly time sliould be very long (hours?).

Alternatively, it will be necessary to provide some continuous leakage

path between tile ball and eavltyo For exampla, a low-pre_sure electro-

negative gas Such as SF6 could perhaps scavenge free charge from tile sphere

and deposit it somewhere on the cavity surface or vice versa. A more refined

i analysis must await a detailed specification ot _" tile spacecraft conftguratiol_.

In fact, a maximum charge level ou the drag-free mass could be made a design

requirement.

Putting a_lde the proof m_tss charging mocllautsm, tilt, effeet,_ and

" ldetlttflt'atlon of proof mt1_s charge are yt_t to be resolved,

UonNitlt, r t ht, _ll'ratlgt, metlt ,_hown [11 I_[gttt'e 3. A proof 1atlas ot radltt._

a [,,a dl_q_laced a tt|t_tallt't, x fl'onl tlw t't_tlter of the e_lV[ty o[ r_ltllttN b.

_b

_-_d_..._ ,.....,.,,.,_,_......._ _,_".__"!_ ",....,,,'_': "m '!,_...._a'.,:; -_..........................._ ..................................

00000001-TSC04



Re_.Mrding tlm |11_idn of l.ht, cavity a_ a ci_111plt,t.e _phm'ic,_l _'imducl,or, tlm

l_,lll-t.¢_-wallc'al_,IClI,illlCeI1a:iI_e_,n:d1__wnLo b_>(5,_) al_l_r_ixim,lte.ly

I_ . x (Ii,)

and t.:0 _ 8._5 x Ill"I_ Farad/m ..-:perillitivityof free space. Also the

gradientof C in the dlrectlonof the dlsplacomeutis:

In the presentSolar Probe design,a = ,011 111and b _ ,0;/ 111,giving

\ = ,.."_'.;Z... Then, if t.ht_ball is displacedhalf way,to the wall,

x .0045m and _x =. 0.5, from which C -- 3."l x lO"12 Farad and

dC/dx -: '_.5,'Ix lO-I0 Farad/re. ,



Now, if the proof mass carriesan absolutecharge q, it is not hard

to show that it is attractedto the nearestpoint on the wall by a force

dC

:b

Thus, if there is a maximumtolerabledisturbingaccelerationA, then the

tolerablecharge is

u .i

Iql < C_/2mpmAdC -1 (19)

Well, a 70% gold, 30% platinumball has a specificgravityof 20, and thus,

mpm _- O.ll2 kg. Then, for A = lO"lO m/sec2, we get lql < 9.43 x lO"13

coulomb. Since this is well below the expected levels,somethingmust be done.

A possibleapproachto this is to apply varyingvoltagesto the sensor

plates,and thus, excite a mgtion proportionalto q. By observingthe actual

motion,we can hope to identifyq by estimation. To examinethis, supposefor

};implicitythat the proof mass is centered,and that a voltage_ v is applied

to a pair of opposingplates. Then the absoluteproof mass potentialis q/C,

and the force on it can be shown to be(6)

1 [ .21dCp dCp
F : C dx

Here C is found from (15)with ,_= O:

C 4,Ltoa_, (21)

27
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while Cp is the capacitance from the ball to one sensor plate:

dCp .. 2 '
"_ .' 21v%ak(1 - cl_)' dx "' o k "s20 (22)Cp

:_ where g is the half cone angle subtended by the sensor plate at the center

of tile cavity. For t_ = 35 deg and the above dimensions, C -- 2.72 x 10"12
i)

Farad, Cp = 2.46 x 10"13 Farad, and dCp/dX : 4.52 x I0 "II Farad/re.

!=! Now, if this appliedvoltageis taken as sinusoidal:

v : vo (23)

:_i;_. then, from (20), the amplitudeof the inducedmotion is:

" 2qvo d_
Xm - -_-- dx (24)

mpm_OC

Then if vo = 103 volts,,_= 1 radian/sec,and q is the maximum tolerable

value from (19),we get xm = 2.71 x 10-7 m.

While this level of resolutionin the proof mass positionsensorwould

be very difficultto obtain, there are severalpossibilitiesfor relaxing

the requirement. First, the ball and cavity dimension_are not yet fixed,

and could be adjustedto increasexm. Second,a higher v° or a lower,.,

may be possible. Third, a squarewave excitationin place of the sinusoid

2_
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'i

(23)would b{_,helpful, Fourth,_ensitivitycan b(_.imprLwedby excitingall

three pairs tlfsensnrplates at differo.f_tfrequenc'le_.Finally_tile i

estimatorb_ndwidthcould be reducedby loweringthe feedbackg_lins,thus,

avera_]ingthe sonsor noi._o,If, say, 1 l_ourof settliflgis allowedwith this

,_,the requiredsensor resolutimlcould be increasedby a factorof around

60, or 1.6 x 10-5 m with the above number_. This levelwas achievedon

TRIAD. While this discussiondoes not constit.ut(,a d(,siun,it:._eenl._cle,_r

that charge identificationby estimationis feasible.

2.4 EstimatorDes_!g_!_andVar!.at_eP_'op.a_gatipn

The real time integrationof the vectorequation13 in Section_.3

requiresthat these equationsbe resolvedin some suitablereference

frame. With this accomplished,a nominalspacecrafttrajectoryand a

statisticaldescriptionof the proof mass disturbanceforcesare sufficientto

propagatethe covarianceof the estimatedcorrectionto the positionand

velocityof the Solar Probe thretLqhtilesolar encounter. Recall that this

information,,_Iom.lwith the positionand velocitycorrectionsthemselves,

is p,eciselywhat is needed by the _Iroundestimatorto improvethe drag-

free tra.iectoryknowledge. The analyticalapproachmay be summed up as

00000001-TSC08



fOIlow_l, A dyll_llnl_, II1od61 0_l th__ pel'lllrbt,d tr,lje,ctot'V el II1_> 5_llar I'l_d_,

;I',,/_Iy lrOl, _111_.x;1_,I. dr_ig_fl'_,t , p:Ith l_l obt_1111t,d III toi"1111-_of I';111doI11d.l_ilurb;nlcei-_,

'I'11_,reeler _,qlU_ll lolm _11"t, r_.,_zolw,d .1.1'i_i l,',ule1'-l_IIll ,,l_;c_,l_w:iI.i,d fr,lule, (t.,_, VI_;, t'_)

.Ince I) Lhq _-1olnr gr:ivlty p,r,'Idle11I l_I _,;It_ily w1"Itl_,11 In lhl_ f1'a1_u, and

2) the _q_acec1'_Ift tlrlltIIallm _1 fixed ot',lent_iIlo1_ 111 thl_1 Ir_1111ethrough radar

etteotllttct' zllld hence lht, Ht;Iti_lt lcF_ of tll_ltl._, oI the l'_11;donl dl}_tul'b_ltleq_t _tl'q

likely to be construct:. Tlle_e are LII_, tUluntlon_ which will be Integrated

on-line aboard the spacecraft, The propagation of the r_ldi;tl_ in-trzlck,

_lnd ¢'t:oss-tr_lck posit Ion and vel.oeity v_11"l;lllces _ll'e obtnined for iln[_

wlrSance acceleration ].nputs. ,qinct, tile dyllafllic equat._ons are ltnenr, the

result Lng cowu'ianees may be sealed and added to f:lt l'.llt_ actual stattsttcs

of the dfsturbnnce env,tronment. "_"

The unperturbed equation of motion of the ,qol;lr Prob_, can be written

Ill vector form as

R = a(r) (2,5)

wlmre a Is tile external gravitational accelerntton and _ t s the position

vector of tile unperturbed position of tile solar probe relative to the sun.

Due to random disturbances _d' the actual poaition of the apacecraft _

and tile dynamic equation of motion can be x#ritten

_ + r = a_r + _:) + fd (2t,)

'rile vector difference o[ (13) and (12) yield ,5

'_I;.I *
r .... ._ r + fd (27_

aR

Equation (?7) la the perturbation dynaml.c etlu_ll ion of motion. The

dynallllC_ are due to the t_olar gr_lvlty gl';ldlent (_!5_)- alld tilt' forced
ilalt.tll'_! L

behavior 1_ due to the proof llRlus d lsIi11'b;lllCe.

...... 30
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PERIHELION

r

x 1.s the radial direction

z Is pcrpcndicu!ar to the orbit plane in the direction of the orbltal angul.ar
lllOlllellttllll VL_-Ctot"

: y isz XX

Figtlre /4. Eu_er-HtlI coordtmlte frtlllle.

The solar gravity gradient tn the l,;ulc, r-llill coordinate systom o[

_,'tgurt. 4 i.q easily shown to be
#

°'i1.,,.:_it (2s):-= 0-I

|0 0 -

31
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........ _ 'e ( 31)R'l+e cos

E¢lttnt Iou ('31/ i,_ the' r,ol._r cqtmt lou of a conic Bt't't[Oll '[11 tt'lqllt4 0_" tWO klloWll

constants p, the 8emilatue rectt_and e, che eccentricity of tht orbit, p

depends only on the known orbit angular momentum about the _tm, h.

32
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I']qlilition (:_12) itt flip. fltlit_liionf tli_il; fllo _inttilliir liillliiOlltiifli _lf thi,

illlpOl_l'iir|lOd orbit, h. lft II l'_)iltifilllt.

l,'rt-llii ('11) lilld ('1',_.) liiltl doflll.lli_ r, tl now krll_wll l'lllilitiilll" N Ill llo litl {lillf
II

tho iliOllil IIIOf Iflll)

ll., _ l'i _, N(I + i, COIl tl) ') {'t't_

* * J)

thil <._,- 2 N"l,(I t" I., i.'llll II) '1, Ol _ (I _ ill liil it lil II ('t/i_

r ltl: N'!.... m t l + l, t,,illi ll) ;t (.lll)

(;ol,loctlntl thl, ro_tlllts tliul_ l'lirD c,quiltion (27) In flit, I0',li.lor-ll:l]l

rei'_r_nc_ fl'aalo _llil b_,writtt, li

ee

X - 2_ y - (l 2.+ '21')x - <_y-, f x

ol

Y + 21 i_ - (i 2 - l')y + <_x,, ry (:ll_

Z �',1<, if
z

Furthermore, by rescallns the ti_e variable so that

,dxdt ('._7)

fho equations can be condensed to state variable form.

33
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_r

_t

i pbtatnod fpr _mpral lnputn by nupprponltlpn of th_ .nit _-;_l_ll Innn l',_r

_;_ q(4,4) - ,1,

Tlh_norn_n_1FrnJoctory _tud.lodwailan orl_Itof 0,02 AU purlhull_n

mi_lt,ccenCr.lclLy1.0. 'l'Islt_remd[:i1In _IconvonJL,ntvalur of N_ - lo'lO/nuc2

Thr eovar'lmlct,tawet'uprol_al,,atudfr_m_- I,/6MI Co + I/_ AU, l.t,.,throu_,h

_o]ar t,ncou_H:orand the tmlt _olutlo_Is_IroflhownIn l,'Igure_5_ h, m_d 7.

No_u Lhe t_omc,whal:_l:rmlgehtd_avloror"aI.1thu cov_rlmwut_. The,wlLpglt:t,aru

duc. to the, rapidly changing orlontatton of tho referuneo |:1"L11110.

As a scale, a rando= rmdlsl mc©eXeratioa bf 1,0(i. 0 m/,a,ec2 aat/_g

through the entire .ola_ encounter phue tr_th e_actly...._otnl _411tlal

con,.d./_io_.j at: _h_ I_ar_ at molar encounter _top_gI_ms to a 100-Se_et

tmcettalut 7 _ dtag-_ree position _10n8 _he _ eoordi#ite.
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:_.,.

TIME FROMPERIHELION.,HOURS
-90 -50 ",30-20-I0 0 10 2030 50 90

106 v w i l i I I v w
fy

RMS _-_ = I METER ...........y2
I05

100

• 10-1

10"2 I
- 1/4 AU PERIHELION + 1/4 AU

Figure 5. 'rrnjeetory uncertainties due to X disturbance.
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-90 -_0 -30-20-I0 0 I0 20 30 ,50 90

103 ............I':"-_-I......T--I......1.........I....I-T-----I........
f

Z

RMSN--_- I METER

,v 102
I,-
IiJ

U.I

u Z_Z
N 101_
,<

Z
_o

m 00

o,[I0 -I _l
- 1 '4 ALl PERIHELION...... , I_"4 AU

3B

00000001-TSD03



00000001-TSD04



_,2 Htr_l_t.uar_, _f the I;_tltlmlitor

_nol'd,[llllry K_I.I.Ifl_IIt (.[.Itt, r v_t_ .Imply,merited t'o pocl._orm flit, ot_tlm_ltl_m,

TIW nl_doJ, ut_od for rtnto updnlhW, I_t lh_, 'l'_ly]or H_rJol_ oxpllntLlon

_o_" tho l_oH.ltl_ul r k _llld w, loe.lty ..rk o1: tim pr_bt, L:Ol_lttVo t_ the

Sun +lut;menl:ed by +m qqlltlt[OIl oxpro+lrl+lng our +:xpoetnt:ltm thnt ,I 2
w:lul,1 rt:mai.n ,'lpproX[mt_tt, l y eonxtant. Thus Wo haw;

-k

Jk " dk-1 + wk

40
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tt tme

wlmrt_ n It: tim time _ntnrvnl between updaroa, and .rk a.d r.k nro dorlv,,d

from th_ _olar gravtt:y potonttnl. The .ot_ttttnl (t_k) 1 _ s, (tTk) 2 = y,

" z ;.2)1_, ('t2) k(r.k) 3 _ z. r _ (s _ + y + and _ .tk t, u,_d.

,qtoehat_tlc t+orco, t.t_kare asmmlod to ptwturb the apact, cr_lft niothm, Tho,t_t,

force_ nrlm: t hroup, h dcv,latlon_ from drar-froO pt_rform,_nct, att ribtttable

to spacecraft se] f-gravtt:attonal forces and elecrromagm, t [.c

disturbances to the proof mass. The u k fort.e can also have a component of

"force" associated with model truneat£on errors or mismodelling of other

gravitational sources such as planets.

For the solar gravitational potential

[ 'I -11" . Gm_..._x1 + 3 rs z2
x * r3 2 J2 --_ I - 5 (42)

I 'Ir z2
.. Gm_._.Z 1 +._j2 s
y = r 3 -_ 1 - 5

- '(" Gmz I + J2 s 3 - 5Z m ----_-
r

where r = solar radius = {_.gb x 105 kin, and

x = -_-_ x(r -:_x _) 4- y(-3xy) + z(-3xz) (4:3)
r

y = .... g (-3xy) + y(r"-3v )+ '.
r

.... 41
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vhete _tl"Z " [x, y, Z,]ptob _ - [x, y, Z]Eart h i
I
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The abow_ _'_ art_ conulutent with current t, xpoctatton,_ for

accuraciaH aal_ievablo with radi_motrtc olmt, rvablc_ In th,_ lat_,

1980's. 'the value_ for Ov3 and Ov4 corrtmpolld to tlm accuracle, acht_vablt_
through an operational AV1,BI _yfltom aH now contomplat_d for the

C.alilee mission. A discussion of possible lmpedim_,nts to obtain-

ing the indicated accuracy for the range rate measu_enmnt oe_rs

later.

The initial value for the state covariance matrix P as required by

the Kalman filter was chosen as follows:

P = diag 2 2 O2p_ 2 2 2 2o (Op. Op. ov, o v, o v, oj) (45)

where Op 10 kin, o v 10 era/set, and oj 10 -6

The above accuracies are easily achievable by the usual tracking

algorithms in use today, and can be generated well before solar

encounter• While this a priori oj is questionable, It will be

seen that the important results are not very sensitive to it.

43
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orbital i_for_atlan far the-EarLh and probe is read la ,_yt._ p,_aSca_tdurlnfi

th4_--_ as,+otbit_l ele/uert_t--(a, e, l, Mo, m, fl). Thi. £nfot_atiofl co_tplod

with a va_l_le time fru_apoch (also road in) is aonve_d to (x,y,_)

coordlnatos, I_lwhich form tht_Earth m_d prob,o_ pot_ltion ill_dvt_]ocltyart>

mapped in time. The geomt_try of M, _0, ;rod t_ are l,ndieatod In Figure 8.

Note that M is a me,nn mlomaly.

lq

Periapsis

!
•

T

iFigure 8. Orbital elements.

3.4 Preliminary ResUlts

For comoarison studies, a baseline ease was selected and variations

o_ ]ndlvidual parameters .rodearound the baseline. For reasonH discussed

later, only range and range-rate obserwltlonH were used in the basellne

case. 'the[ollowlng parameters were chosen for the ba_ellne caae:



The above probe elements embody current thinking in trajectory design

for this mission. The elements represent an aphelion at Jupiter which

is used in a close swingby to create a highly eccentric polar orbit with

perihelion occurring at four solar radii.

The estimation procedure is chosen to start and end at a far enough

distance so that no J2 information is lost. The times, ±40 hours,

correspond to perifocal angles of _ 137 ° and a distance from the sun

of 29 solar radii (0.14 AU).

The self-gravity noise level is chosen to correspond to a nominal

level of drag-free performance.

:i:
A large number of simulation runs were performed. The measure of

goodness of any particular parameter set or encounter geometry is

chosQn as the minimum o for the error h, the estimated value of J2'

The behavior of _j,,_ is plotted for the baseline case in Figure 9.

The notation Aft = _probe -flEarth is used. The behavior of oj is
shown for a significantly poorer geometry (h9 = 90 ° ) in Figur 2 10 aud

for a slightly better one (A_ = 165 °) in Ftgure 11.
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10"5 1 1- I I I I

r

lo-8-
'!

l ........ I l ............ l, l .... , l
" 0 "5 0 5 10 15 20 25

HOURSFROMENCOUNTER

Figure 9. Behavior of vJ2 under baseline eonditionB.
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10-6 ......

il

_'J2 10"7- ,

10-8 -

I I I 1 I I
-I0 -5 0 5 10 15 20 25

HOURSFROMENCOUNTER

Figure: lO, Ba_clLne except _ = 135 ° (A_ = 90°), i

i
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10-5 I I I I I I....

I

I I l i i I
.-I0 -5 0 5 I0 15 20 25

HOURSFROMENCOUNTER

FLgure ll. Basellm: except AI_ = 200 ° .
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f{om,aaf the qualit_tiw_ auptwt_ of tim _timatirm problt_m t'a1_ be

identified in thane flp, ur.n. 'rh_ ftat_onin_ of tim e_lrqo, for oj,

I" 1_ l.lldSeal:!v. of 1or;11of oflt hllnt'iolt I_L l:lult 2
tl o II |111|lJ. "[ J.[.y p.:Int-,

'rllof}_l:l:Oll[llgof l:ho _11rvo tit nl_VOt111torllliIlllf4fivt_ IBilltltoflIn

H._,,ur¢_ q, for o_rtmpl_,, et_rr_tq_orldr_ roughl.y to th. prob.'ti pati,tag.

ovor a polo of Lb. $ml, 'rht, yt, l,y II_._Ol"_,v¢,r_.t,II t,t-II.Jllltll,tol| b_,h_wlcJr r,_dtlblt_,d

III Fit',lift, lO ¢ItllII('_Itl.r'll,ul'_,dto obHi'l'Vlll_',tllO p|'obt' lrol, a dlr,,etIL.l

llor_rlII:,_th{,l_llp,ht path for which l.h_,roIt_uo pr_d_o,-Induct,d d_q}plor.hlft,

alld thtlN_ IlO _llfOr"ltltltlOll for o/11t!11_1_].!1tI ,|2.

The poor behavior when perihelion oeeur_ at th_, zolar equator (! _ 0

in Figure 9) might bt, attributed to one or more of the following

reasons:

(a) Observab$1ity of J2 is poor near the equator,
(b) There is no probe-induced doppler shift when the Earth and probe

are in exact opposition, and thus no information for est_ating J2'

(c) lqm point of closest approach, which should be the po._ut of

greatest effect of J2' occurs _hen J2 cannot be extracted because
of (a) or (b) above,

Figure 12 shows the behavior of oj2 as a function of A_; Figure 13 shows

tim behavior as a function of the probe's argument of perihelion; and

Figure 14 as a function of probe inclination.

A study of Figure 13 indicates a significant improvement from the baseline

case when the probe perihelion is moved away from the solar equator

(_ = 180 °) in either direction, ordinarily, a chauge in _0 would require

a change in the line of apsides with a concomitant large energy cost.

Fortunately, the Sun's polar axis is shifted approximately 7.25 ° from
the normal to the ecliptic. ]bus, by timing the approach correctly, a shift

in ¢0 of up to 7.25 ° may be obtained essentially for free, Referring to

Figure 13 we see that a 7.25 ° shift to either std,, of 180 ° reaps most of

the off--equator bvneftt available.
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0,20 x 10"7 "

,IMP"OVEO
160 1'70 180 190 200 210 220 '!,

'_" ARGUMENT OF PERHELION w, deg '

o

Figure 13. vJ2 na a JCunctlon of argument of perihelion°
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I,_rther compari.o.r.., were performed for wh,h.h perihelion wnn var,l,ed

from 3 to 1.0 m_lar radii. The romtlts from both th,, bant:l, hlL_ and an

tmprovud paranwter set; (t_8'.! °, ,_187 °, A,_b_150") nt varlets radl.l are

sho_l In Figure I_,.

Finally, _he level of rm_dom acceleration noisq wa_ varied at several
levels of dopplt:r measurement accuracy. Results are p_:esented in Figure 16

for the baseline ease and in 1,'igure 17 for the fol.l,owh_g Improved geometry

case:

, Earth Elements: (1.5 x i081_, 0.02, 7.25 °, 0°, 0°, 90 °)

Probe Elements: (3.914 x 108km, 0.9928461, 95 °, 0°, 187.25 °, 230 °)
q

_" We observe that in tile left-lmnd portion of the graph, estimation

performance is dominated by the doppler accuracy. On the right-lmnd
--:)_

=_ portion, per-_ormance becomes strletly a function of the drag-free noise%
_ level. We note that unless c_. can be brought below the approximate• r

i 0.4 mS/see level(over 60 see. integration periods) there is n__Olevel of

drag-free performance which will allow estimation of J2 to the I0-8

accuracy desired for this mission.

3.5 Comments

The initial version of the simulation program would not work. The

estimated state diverged badly from the "true" state. An investigation

of the gravitational forces involved and the method of propagating the

equations of motion led to a solutiol_ to the problem_ and an inMght _nto

potential problems the mlss_on software might encounter:

(a) Solar force terms had to include terms to _'in the discrete update,

(b) Time steps had to be relatively small (10 see/step at perihelion),

(c) It was found that relativistic terms of ordt, r (v4/e 4} generate aeeelet'a-

ttolls of order 10 -ll 111/14ec 2 at pvrihelion. 'rhu,_, the current ,1t'1, orbit

determination program which neglects these terms might need to be
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PERIHELIONDISTANCE, solar radii

Plgure 15. Minimumo'12 am a [tmction o_ perihelion distance.
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10"6 ......

10.7 ....../ _'_

_, o"_-"2,5 mm/sec ,
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ar_'= 0.5 mm,.sec

10"8
o'T;=0.1 m_
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RANDOM ACCELERATION I.EVEL, m see2
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., 10-7 ....

a" _ = 2 o5 ram/see

O"_ = O, 5 mm/sec
I 0"8 ......

10"9 ................
:. 0-9(I 0"I Og) I0"8(I0"9g) I0"7(I0"8g) I 0"6(I0"7g)

FIcure 17. Hl ntmum o l, ) as _l function of random acceleration level'(Tmproved geometry _a_e),
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f updated to 1nel.udo them, We note that the poeulinrltta.n--of• this m_nsion will likely require o_her, changon, Before ,lily

changeo arO initia_od, n]l mtnsion roqutromcn_n shott].d be enrc_fully
_lvost igat ed.

!

Initia) trials indicated that angular measurements, either directly i

through VLBI or indirectly through doppler measurements, had very little i

Influence on improving filter state estimates. A quick calculation gave

an 8 km angular position _esolution for AVLBI and a 75 km angular resolu-

tion from the
doppler data. Since steady state position e_rors are of the I

order of a few hundred meters it became clear that currently available I

angular measurements will not be bseful for tracking purposes. Thus, the

balance of the testing was performed with only range and doppler as

observables.

For the case of doppler da_a, the implication was that low declinations

(for which the angular information vanishes) would not adversely affect the

estimation results. This supposition was tested empirically and found to

be true.

Because it is clear that the doppler data will be the dominant data

type, special attention should be given to it in preparation for the _ission,

A possible problem area might be the doppler integration time requirement. For

interplanetary missions no great change in the doppler signal is expected with

. averaging over a few minutes time. For the Solar Probe mission, this is not

t_le - the spacecraft is moving very rapidly (% 300 km/sec) in a rapidly

changing gravitational envlronmen[. Thus, special doppler processing beyond

simple averaging might be required. Furthermore, multiple, frequent,

discrete accelerations of the drag-free thrusters at the 10-3 m/see 2 level

could seriously degrade or even impede doppler performance. In any case.
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the oxtroctiOll /llldprocoyfl|lIF,of dnpp]or ¢l_ta nhoul_ ba na :[tom for onrl,y

zlttont:Ion.

In the _,onoratton of the obm_rw_t:lonn, l:wo of tim lart_ent unmodolod

err,_r _m.rcon wore lnelud¢,d. 'l'ht, n¢_ nre _tat:lon loeat',lon orrorn _md Enrth

ephemc:rls errors,

Statlon location errors were chosen from values conslstent with curre_.tly

known accuracies. In cylindrical coordinates these are of magnltude: (7)

Radial - i meter (i_)

Longitudinal - 2 meter (i_)

Spin axis - I0 meter (iv)

It was found that station location errors o_ the above magnitudes did

not adversely affect the estimation process until the larger values of i

self-gravltatlonal disturbances were used. i1

1Earth ephemeris errors to which the ephemeris providers wlll currently

commit are as follows: (8)

Radial - 10 km (lq)

Downtraek - 40 km (io)

Out-of-Plane - 70 km (io)

It was found that Earth ephemeris errors, even at levels only 1% of

the above magnitudes, were extremely destructive to the estimation process.

Over the approximately three days of perihelion encounter however, these

errors will remain nearly unchanged. Thus, if the filter is expanded soD

that these terms are estimated, it is reasonable to believe that their
deleterious effect_ will be overcome.
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A_ can be _oe¢ from the above, thorn _ro _ny nav_tio_ a_poct_ of

n _ol_r Probe dr._-£roo min_ion which _ood f¢_tho_ _ttontlo¢. -Evou

chc currentIdoa_ eoncornln_the b_ollno mlnnlon,noodoxnmlu_tlon.

We note that no_rly every variation _rom th_ current h_ol_no _ivon

some mea.ut_ of _nprovement in the ¢_tl_n_te of oj . O_ eo_r_o, _n

mentioned previously, there are oth_r obJocti_c. _o the Solnr Probe

mis.ion, acd the eroJectory cannot be designed £or J2 es_im_tion _lonc.
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4, _ELF--CRAVITY

Sp_,coarafC _olf_grnvity will he one of the lar8ont perturbnttons of the,

drag-free system, with aptw_lf_,c forcon at the sont_or on the order of

3xlO "8 m/see 2. There will also be time-varying change, in nell-gravity

due to articulated laatrumaat_:l,propollan_ expenditure, thermal distor-

tion, etc. W_ must therefore devise some strategy to estimate or

calibrate the self-gravlty parameters to obtain the required accuracy,

which may be as tight as 10-9 m/sec 2.

4.1 Mathematical Model

The spacecraft may be considered to be an assembly of masses at various

positions about the dra_-free sensor. Defining a coordinate system with

the origin at the center of the sensor, consider one of th_ individual

masses Mn at some position _ from the sensor.

Drag-Free _euqor

The gravitational potential at the origin due to mass Mn is given by:

GM :l

_n_ (46)Vo(n) = +

Where G is the universal gravitational constant.

V Is not useful in any direct way, but the next two derivatives (with
o

respect to rn) are. These glve us tlleacceleration (or specific force)
+

_ and the gradient of the acceleration C. , as follows:
11 n

6O
!L _

f_
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. . (47)

_* and higher order terms 1_ negligibleSpatial variation of Cn
+

The total acceleration (_i) and gradient ('_,y) at the sensor is Just the stun of
individual, contribut ions :

n (49)

n

Z 8++ GM _ (50)_y n rr n ",
+

+ r

_y now represent the initial self-gravity and the gradient thereof. How-
and

ever, these parameters may change with time due to changes in mass or position.

A ehan_e in mass of an element will clearly produce a proportional change in that

element's speelflc force, and the total change in self-gravlty will be the sum

of the individual contributions, or:

AM

n ? (51)
n

If mass bin c_hanges position by an amount A_n and the positional change is small

enough so that _ is not significantly affected, then the total change in speetfir.n

force at the sensor due to all motions can be written:
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+

It in po_l.blo to II_|vo roln_Lvol.y largo motlona for wh:leh i} ehnng_r_ ilpproelJIbly,
11

_5 Jn whleh t',ano we must tntugr_te tlu._ ¢l,antl._v _ _ dr frm_l the rltnrl:t.ng pnr_-• n I1 rl

!'_ [t.l.on to tim f'hlal, po_ttlon,

L_iqu_d KEp32el],an___t_.pr_,sent the problem of simultaneous ehango_l in mm:u_ and loca--
,i

!_ tion. With n propellant level measurement %, the mass distribution and therefore

:_ the self-gravity should be determinable, or:

= (ss)

The function _(_p) will not be a straightforward one, but some simplified mod-

eling tmdoubtedly be done depe_dinB on specific applications. Tanks which do net

have pogitive propellant control will need additional study in that the me_sure-

meat of remaining fuel may be insufficient to completely determine the mass dist-

rlbution.

Structure deformation and thermal distortion can be considered as an extension

of the moving mass case. For each mass element, several spacecrafL parameters

(structure temperature and strain readings) may simultaneously affect that element's

position. For small deflections, all effects can be conslder_d independent and

linear, so that we can write:

• _ (54)
n n

Where _ is a tensor, speci£1e to each mass element, which converts the overall
n

set of readings t_ into a positional change. _ should be determinable from
n

configuration nnd thermal expansivlty Information.

G2
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,!

ARntn, h_gllor ordor tormr_ w;I,ll bo no_l_l_blo, i

ttowevnr, otw assumption of indep_mdent offoeta may no_ be val.td tn tlmt _ may

ovordctermin_ the opacecraft¢s mass distrlbut;lon, In thi.o case, we could

derive _ from. some sort of least squares fit, Weighted with the assumed
I

quality of the individual sensore. This has the virtue that if a sensor sttould !
+ 4

fail, we would merely replace '_ by command with a new best fit solution, :]

't
containing n .olumn of zeros corresponding to the failed sensor, in any case,

might be improved by in-flight ealibratlon, i:)

i,i
,I

4.2 Application

The first step in defining a drag-free system for a spacecraft is to !,,

determine what accuracy is required, and then develop an error budget

to distribute the allowable error among the various sources. The

report of the "Mass Attraction o_ TRIAD I/ DISCOS ''7 provides a good
r

example of this procedure.

An attractive alternative to the TRIAD method of extensive mass attraction

u

calculations and tight manufacturing tolerances is the possibility of in-

- flight calibration. Si?_ce we are concerned only with the accuracy of

the _ of spacecraft self-gravity and not trying to obtain any

specific value, a program of ground tracking and prescribed spacecraft

maneuvers could prove a more cost-effectlve way of determining the self-

gravity parameters.

The drag-free system might be further slml)1]fied by elimination of the
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' y term (i_-C.haptar 2, eq, 14), where -7_y y in the proof mass dinplacom_nt,

through the usa of an Integral control, nchot,_ which would fo_ee.the average

value-of y to zero, The same result c_ be _otten. by tightening the-deadband

. y; or _ ea_ bo rcducod
of the proof mass, thus reducing the i_pact of _y y

,. by careful compensation of the calculated gradient, In-flight gradient
!7

compensation would prGbably cregte more problems th_n it would solve,

_ For the Solar Probe spaoecraf_, the overall drag-free accuracy r_qu_rement

will•be in the range of I0"7 m/see2 to i0"9 m/se_2 Proof mass charge and

spacecraft self-gravlty will be the main sources cf dtag-free uncertainty,

i so following table has been generated assuming I0% of the total allow-

the

_ able error can be produGed by a single item. _tems are listed in approximate

!_ order of importance. The configuration used for this table was taken fromReference 8.

Figures 18 and 19 can be used to find the acceleration and gradient fields

produced by a point mass at any distance. The tables give components in the

radial direction; horizontal-horlzontal components are half this value,
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Accurncy _ Factors _,

10-9 m/Hoe2 | Loss than 1% error a11owed in calculating (or calibrating)

self-gravity a¢:celer_io_.

$ Articulations, d0ploymo_t, etc., will haw_ a major
.?

," a,l.though easily accounted for impact on self-gravity

specific force. No special sontgors will be required.

# Knowledge of propellant mass and location is critical;

new methods of propellant measurement may be required.

_ $ Self-gravity gradient and proof mass position will be

:D important.

@ Thermal distortion may have to be measured or predicted
!:_ for a few critical elements of structure.

Spatial variatiot_ of _he gradient could be import._ut

for large (5 mm or so) proof mass excursions.

_7
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1.0-8 nl/mW 2 0 Se[f-_ravtty ;tcueloration must nttl.1 he found, but a

Hnmll Hualo analysts for a priori d_torminati, on, or n

short in-flight' calibration period should be sufft_._en_.

g" Onty _omL, of the art.tculatod tnstrtmlonts will have. to

be modeled, and ovdn tlloso will need only baek-o_-cnw_lope

do ftntt toil.

O Propellant level must be tracked, but existing measurement

techniques are adequate.

0 Rough calculation of the gravity gradient should be

accurate enough.

10 -7 m/._ec ?" O With a reasonably spherical pickoff housing, everything

can be neglected.

The preceding list is a fairly generalized one, but some more specific require-

ments for Solar Probe have been calculated for 10 -9 m/sec 2 accuracy. They are

included here to give a feeling for the dynamic constraints on the spacecraft.

i

Antenna - must know orientation within 18 degrees. I

I
Telescope - must know pointing position within '2 degrees. ]

Spin platform - must know position within 4 era. " t

Structure thermal warpage- must know temperature of sensor support

structure within 70 _'.

blass Lo,_s - must k11ow 11UlSSof main shield witht.n 3.3 kl'.

l'ropellant - must know man,_ within 1.5 kg and position within _ ram.

l",xl,qt [ng tet'llniqtle_ of mea,_urtng pre,qsurant presmlre or bookkeep lng

thruster firings nuly only be accurate to 8.7 kp. Positive propellant

t'ontrol, such as a diapllragln or bellows type tank_ will be needed.
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Tim ltwlu_Lon of a drag-fr,_;_ m,i.-mr on a nutlt.llmrpo_o .pacocralt will

IlOt: ltltl)O_40 lilly h_lrHh l"t_¢|ltl|°(_Itls,_llLl-1 o11 tilt, d_,Higll. OIIly tile hlp, ht,_t

['Ot't'Ht'_'_tl_lt, ]L'VL'| ol" dt'_ig-fl'_'t' _It'L'LIP_IL'V 1.q[ .[ ] rl'qtil r_, _1 111odt, l'_ltl, _llllOttll[

OF work lind penn lilly 140tlle |)rOlll_11Llnt: tZltlk dt, w, lolmlent ; ot'her_¢l_e oxJ,qting

ttwhntque8 and ,_tmple analy_l,q will mfffice. Proof mann position and

_trueture warpa[/e are the only "fast" variables to be handled by the

o_-board estimator, and the chances are good that even these do not _]

seriously impact the drag-free accuracy and may be dropped from consideration.

Al1 other par_uneters are "slow" and/or predictable, and can be handled

in the grotmd estinmtor.

l
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